Abstract-Partial discharge (PD) is one of the most critical insulation deterioration processes that can be monitored in any electrical equipment. It is a complex phenomenon that requires understanding the physical, chemical and electrical repercussions for its interpretation. PD generates a plethora of signals in the electrical domain that need to be properly captured and measured for estimating the impact of degradation. However, the correlation of the physics of this process with the manifestation of the measured signals is extremely complex due to the presence of various possible conditions and parameters that affect it. One of the novel methods of measuring this intricate process uses ultrahigh frequency (UHF) antennas which can receive the radiated electromagnetic waves from PD pulses. An attempt is made to simulate the radiation process using first principles of physics, for such discharges. The behaviour of a group of charged particles under the influence of external field is considered from the point of view of their motion and the electromagnetic radiation from them. This paper aims to shed more light on the physical processes which possibly generate the kind of signals that are received by an antenna.
I. INTRODUCTION
Partial discharge (PD) measurement is one of the standard techniques of monitoring the insulation in any electrical equipment. Life of an electrical apparatus is determined predominantly by its insulation. Thus if the degradation of dielectric material in these machines can be evaluated, then their remaining life can, perhaps, be estimated. The correlation of measured signals to the physical or chemical changes in the insulation forms an important and integral part of diagnostic studies. As a consequence, most of the research efforts in the field of PD analysis have been directed towards measurement and instrumentation. Emphasis has been more on capturing of signals and interpretation based on statistical analysis. In particular, for UHF method of detecting PD, the major thrust has been either measuring signals using antennas or using finite-difference (FD) algorithm to evaluate fields, by assuming a Gaussian pulse for the current [1] . However, the direct correlation of electron motion to the radiated signals for PD has not been dealt with.
This paper intends to address that particular aspect. To the best of authors' knowledge, the evaluation of radiated electric field directly from the motion of electrons for PD has not been reported so far. This work uses the flux-corrected transport algorithm for simulating the motion of electrons and then, the electric field radiated by them is evaluated.
II. FLux CORRECTED TRANSPORT ALGORITHM
Motion of electrons can be simulated by either treating them as individual entities or in terms of densities. Particle-in-Cell (PIC) approach can be used for the first treatment. Superparticles are considered in this method to handle larger number of electrons. Each super-particle is comprised of multiple electrons. A grid is also defined in space. Some distribution of electrons is assumed initially and the external fields are applied suitably. The fields due to the particles themselves are also calculated and their effect is also taken into account. Then depending on the field present at the particle location, the force on them is calculated. This force is used to determine the displacement of the particles. The particles as such are not constrained to move along the grid. However, their influence on each other is calculated at the grid points. Hence, some weighting functions are employed to assign particles to the grid points and vice-versa. When the charged particles are treated as densities, their movement can be simulated using the flux-corrected transport (FCT) algorithm developed in [2] . This approach is primarily used to solve continuity equation [3] :
At Ax axa ax (1) Here Ne is the electron number density, We is their velocity and D is the diffusion coefficient. Finite difference (FD) discretization is used for numerically solving (1). Higher order schemes used for addressing the continuity equation are prone to getting ripples in the densities, especially near steep gradients. And lower order schemes, while avoiding such fluctuations, suffer from numerical diffusion. FCT algorithm basically takes care of both the issues simultaneously. First, a transported and diffused solution is calculated using some lower order scheme. The numerical diffusion is then minimized by adding "anti-diffusive" fluxes. These fluxes limit the overall diffusion to a minimum, and are so calculated as to avoid creation of new maxima or minima. The addition of these corrective fluxes renders the name to this algorithm.
In this work, the flux correction method of [4] is used. The primary advantage of using it is that clipping of the peak of the density profile is avoided. The velocity of electrons is dependent on the electric field. The electric field used for determining it has to take into account the externally applied field as well as that due to the charges themselves. This field has to be calculated considering the three-dimensional finite charge distribution, although the continuity equation is in one-dimension. The method described in [5] takes the charge distribution to be cylindrical and then calculates the field by considering the charges themselves and image charges beyond the electrodes. Five levels of these image charges are used. The method requires consideration of the entire cylindrical distribution in terms of discs of smaller thickness, and then calculating the effective field along its axis by integration. This method has been employed in the present work.
III. CURRENT DENSITY CALCULATION
Electrons moving under the influence of the external field and their own space-charge field constitute electrical current. The current density is calculated by determining the number of electrons crossing an imaginary surface between two grid points in one time step. The net gains of each of the nodes and the relative amount of charge present with respect to each other have been considered to calculate the current density. Cross-section of the cylindrical charge distribution is the area over which the current flows.
IV. RADIATION FROM A TIME VARYING CURRENT An accelerating charge or a changing current radiates. In the case considered, the current density 'J' calculated is used to determine the magnetic vector potential 'A' at an observation point [6] . This is governed by V2A -,u£ -,uj
Here, g and £ are the permeability and the permittivity of the medium. If the source term, J is made zero, it reduces to the wave equation, the velocity of which is that of light in the medium. In this case, the current density is distributed in space and varying in time. These small current elements are the source terms. The homogeneous equation basically describes the wave motion of A. Hence, a finite delay is associated with the appearance of A at the observation point with respect to J. That is, when the source term is present, the variation in J leads to corresponding changes in value of A at a point, but the effect of change in potential is felt at a retarded time, depending on the distance of the observation point from the current element. Also, if the observation point is distant as compared to the length of the current distribution, the retardation for all the current elements is almost equal. The electrostatic field gradient is smaller by about three orders, for the distance considered and hence, the electric field 'E' can be approximated by E=- at (3) In the present case, since the current density variation with time is known, the time variation of electric field can be calculated by integrating (2) once with respect to time, in accordance with (3) . Then the complete waveform so obtained is delayed suitably to take retardation into account.
V. RESULTS AND DISCUSSION
Simulation is done for the system described in [3] , using FD-FCT algorithm of [4] . The plasma considered in this case is present between two parallel plate electrodes 3 cm apart. And a field of -5580 V/cm is applied, with the cathode at x = 0 cm and anode at x = 3 cm. The step-size in space is kept at Ax = 0.03 cm. The Courant-Friedrichs-Lewy condition for time stepping requires that the time-step At < (Ax/2We) [7] . In this case, since the electron density is high, its space charge field has to be considered along with the externally applied field. The peak velocity of electrons is calculated at each time step and then used for determining the next step. As the density is high, the time-step is kept at 0.05(Ax/We), thus satisfying the condition throughout the calculations.
The intial peak density of electrons is kept at No=5xlO /cm3. As shown in Fig. 1 , the initial axial variation for electrons is considered to be [3] N N exp -x-1.5) Here, densities are considered uniform for a radius of 0.25 cm around each node. And the peak of the density distribution is at x = 1.5 cm at the start. At the end of the simulation run, the distribution of electrons appears as shown in Fig. 2 . The motion of electrons takes place under the influence of space charge field as well as the external field. In the absence of external field, there is no drift for the entire distribution. That is, the peak remains at x = 1.5 cm.
x 101, radiated by the current due to the motion of electrons is shown in Fig. 4 . The pulse has an effective duration of about 22 ns. When the variation of the electron density in a particular element is observed with time, three major trends can be noticed. For The observation point considered here is at a distance of 50 cm in the broadside direction, that is, on a line perpendicular to the spatial grid at x = 1.5 cm. At this distance in the broadside direction, the time retardation for all the current elements is the same. For the velocity of light in air, at a distance of 50 cm, the retardation is about 1.67 ns. Figure 4 , thus indicates the time as measured at the observation location. With respect to the time measured on the electrons themselves, the pulse is equivalently delayed by 1.67 ns.
If there is no external field, no radiation takes place in the broadside direction. This is because the currents are equal in magnitude and opposite in direction about x = 1.5 cm. Thus the overall effect is cancelled at that point. However, in the presence of the external field, as seen in Fig. 3 , the current is asymmetrical about the midpoint of the initial electron distribution. Hence an effective radiated electric field can be observed.
VI. CONCLUSION
The movement of electron charge distribution has been simulated using FD-FCT algorithm. The electrons move under the influence of external electric field and mutual repulsion. 3l lCurrent is thus generated which is time-varying in nature. This 2. 4 3.0 time varying current effectively radiates, which has been simulated. The calculated pulse duration is about 22 ns; hence uition it must be possible, in principle, to capture the pulse using pulsion, the space UHF antennas. The origin of UHF radiation due to partial tendency to repel discharge phenomenon can thus be simulated by capturing f external electric motion of electrons. Additionally ionization and anode. The pulse recombination with ions may also be incorporated with this model. However, that would entail a further complexity in calculation of the current density.
